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We measured directly by neutron diffraction the axial and lateral residual strains for the prebent and
the as-reacted CuNb/Nb3Sn wires at room temperature and at 7 K, in order to investigate the change
of the residual strain with prebending treatment. In the axial direction of the wire, the residual strain
was changed with 0.20% to the tensile side when measured at both temperatures, while in the lateral
direction, the change was 0.08% and 0.03% to the compressive side for the measurements at RT and
7 K, respectively. From the obtained data, we estimated the deviatoric strain. At 7 K, the value is
0.40% for the as-reacted wires and it reduces to 0.19% when the prebending is applied with a strain
pb=0.8%. These results suggest that the reduction of the residual strain in the axial direction as well
as in the lateral direction, i.e., of the deviatoric strain is responsible for the observed enhancement
in the superconducting properties of the prebent Nb3Sn wires. In addition, we succeeded in the
quantitative evaluation of the deviatoric strain dependence of the upper critical field for the practical
Nb3Sn wire. This is very important for the understanding of the general axial strain dependence of
the superconducting properties. © 2007 American Institute of Physics. DOI: 10.1063/1.2732445
I. INTRODUCTION
The superconducting properties of the A15 compounds
are very sensitive to stress and strain.1 In particular, the prop-
erties of Nb3Sn wires are deteriorated by the compressive
residual strain, which was given by the thermal contraction
difference between Nb3Sn and the other materials composing
the wires, when the wires are cooled from the heat treatment
temperature to 4.2 K. In this case, the mechanical treatments
such as loading and unloading cycles of a tensile or a bend-
ing strain can reduce the residual strain and, hence, improve
the superconducting properties. This is because the mechani-
cal treatment deforms plastically the components of the wire
except Nb3Sn,
2 allowing relaxation of the thermal residual
strain on the superconductor. We have found that the pre-
bending treatment is very efficient in this respect, resulting in
large enhancement of the superconducting properties of the
bronze route Nb3Sn wires.
3,4 Prebending is the application of
repeated bending load at room temperature.
The tensile strain dependence of the critical current Ic for
the prebent wires shows the reduction of the residual axial
strain by the prebending treatment.5,6 In addition, in this ex-
periment, the maximum value of critical current Icm for
prebent wires is enhanced. Therefore, it is considered that the
prebending treatment reduces not only the axial residual
strain but also the radial and tangential ones.
Neutron diffraction is a convenient method for the strain
measurements of the Nb3Sn in the composite wires. Flükiger
et al. observed the strain anisotropy of the Nb3Sn of the
composite wires by the neutron diffraction.7 In their case, the
stress-induced tetragonal transition was pointed out. Re-
cently, we found that application of prebending with a pre-
bending strain pb=0.5% to an as-reacted conventional
Nb3Sn bronze route wire reduced the residual strain at room
temperature by 0.12% in axial direction of the wire, but did
not change in the lateral direction.8,9 Since this wire did not
show the enhancement of the Icm at 4.2 K in the tensile stress
dependence of the Ic, the unchanged lateral residual strain
may be related with the observed lack of the Icm enhance-
ment. On the other side, other bronze route Nb3Sn wires
which include a CuNb reinforcement in their structure have
shown a significant enhancement of Icm by prebending treat-
ment. It turns out that neutron diffraction measurements at
low temperature for prebent wires showing the enhancement
of Icm are of interest. Such measurements are expected to be
useful for the understanding of the prebending effect; it is
considered that the evaluation of the three-dimensional strain
is one of the keys to clarify the axial strain dependence of the
critical current density Jc.
In order to clarify the change of the residual strain by the
prebending treatment for the Nb3Sn wires, the residual
strains on the axial and lateral directions for the high strength
Nb3Sn wires were measured directly by the neutron diffrac-
tion at room and low temperatures. This allows the study on
the origin of the prebending effect.
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II. EXPERIMENT
A bronze route multifilamentary CuNb reinforced Nb3Sn
wire with 1 mm in diameter was used in this study.10 The
cross section and the detail of the wire are presented in Fig.
1 and Table I. The prebending treatment with pb=0.8% for
the heat-treated Nb3Sn wires was applied for ten times load-
ings using pulleys as shown in Fig. 2.
The critical current Ic and the upper critical field Bc2
were measured by a four-terminal method in liquid helium.
The Ic was determined by using a 1.0 V/cm criterion. Bc2
was measured by a resistive transition as a function of mag-
netic fields up to 30 T with a fixed transport current of
100 mA 12.7 A/cm2. Magnetic fields were applied by a 28
or a 30 T hybrid magnet at the High Field Laboratory for
Superconducting Materials HFLSM, IMR, Tohoku Univer-
sity.
The residual strain of the wires with and without the
prebending treatment was measured by the neutron diffrac-
tion. A high resolution and high intensity powder diffracto-
meter, Sirius,11 at KEK, was used in this study. For neutron
diffraction measurements, the wires were cut to 10 mm long,
and stacked into a cubic shape with 10 mm on the side.
When the wires were stacked, the bending plane of each wire
was aligned. The neutron diffraction measurements were car-
ried out with the axial and the lateral directions at room
temperature and 7 K. The sample was cooled by a cryo-
cooler in the second case. The incident neutron beam was
parallel and perpendicular to the long axis of the wire for the
axial and the lateral strain measurements, respectively. We
performed the neutron diffraction for two different lateral
sides of the stacked wires, in order to check the difference
between application of the neutron beam parallel and perpen-
dicular to the prebending plane. The prebending plane was
considered to be the plane of the wire curvature induced by
the prebending process as the result of the plastic deforma-
tion. Nevertheless, since during multiple loadings wires may
rotate, as will be discussed later and this process is random,
definition of the prebending plane is arbitrary. In fact, here,
the prebending plane is taken to easily describe how samples
were arranged versus neutron beam and it probably coincides
with the real prebending plane of the last loading. The lattice
parameter was calculated from the peak positions of the
Nb3Sn.
To obtain the strain-free lattice parameter of the Nb3Sn,
the low temperature x-ray diffraction12 was performed for
the Nb3Sn filament at room temperature and 8 K. Nb3Sn
filaments were obtained from the same wire by acid etching
and then placed on a Cu-plate holder for the x-ray diffrac-
tion. The residual strain was estimated by a comparison of
the lattice parameters between the wire and the filament
sample.
III. RESULTS AND DISCUSSION
Figure 3 shows Ic as a function of the magnetic field for
the wires with and without the prebending treatment. Figure
4 represents the field dependence of the resistivity of the
as-reacted, the prebent wires, and the Nb3Sn filament. One
notices that the prebending treatment enhanced both Ic and
Bc2 of the wires. For instance, the Ic increases from
158 to 205 A 30% enhancement at 14 T and 4.2 K. The
Bc2 enhances from 23.5 to 25.2 T 1.7 T enhancement at
4.2 K. These results were originated from the reduction of
the residual strain by the prebending treatment. For the
Nb3Sn filament extracted from the same wire, Bc225.9 T
was obtained at 4.2 K. Since the stress from the composed
FIG. 2. Schematic image of the prebending treatment by pulleys.
FIG. 1. The cross sectional view of the CuNb/Nb3Sn wire.
TABLE I. The specification of the CuNb/Nb3Sn wire used in this study.
Bronze Cu-14wt%Sn-0.2wt%Ti
Filament diameter m 3.3
Number of filaments 11457
Reinforcement material In situ Cu-20wt%Nb
Cu/reinforcement materials/non-Cu % 17.7/35.4/46.9
Heat treatment 670°C96 h FIG. 3. The Ic as a function of the magnetic field for the prebent and
as-reacted wire.
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materials is released in the case of the filament, we can con-
sider that the obtained Bc2 of the filament in Fig. 4 lies in the
strain free value.
During neutron diffraction measurements we got at the
same time many diffraction peaks from 0.5 to 2.5 Å of the
interplanar distance d because we use a time-of-flight
method. Peaks were ascribed to Nb3Sn, Cu, and Nb. Figures
5 and 6 depict comparisons of the 211 neutron diffraction
peaks as typical data for the as-reacted and the prebent
CuNb/Nb3Sn wires, and the 211 x-ray diffraction peaks for
the Nb3Sn filaments, at room temperature and 7 K.
Lattice parameters of the Nb3Sn were calculated from
the position of the peaks from Figs. 5 and 6. The residual
strain was determined by the comparison of the lattice pa-
rameters of the wires with those of the filament. The ob-
tained residual strains at room temperature and at 7 K were
summarized in Tables II and III, respectively.
At room temperature, the residual strain changed due to
the prebending treatment pb=0.8% , with 0.21% from
−0.284% to −0.077% and with −0.08% from 0.047% to
−0.037% in the axial and the lateral directions, respectively.
Note that the positive strain is taken as the tensile strain in
this study. When the wires are cooled to 7 K, the change due
to the prebending treatment pb=0.8%  of the residual
strain becomes about 0.20% in the axial direction and about
−0.03% in the lateral one. One can observe that while the
residual strain change between the room temperature and
7 K situations is approximately constant 0.21% and 0.20%,
respectively for the axial direction, it modifies for the lateral
direction −0.08% and −0.03%, respectively. This behavior
may be related to the complicated elastic/plastic deformation
of the materials composing the wire.
There are two lateral directions of the wires. We com-
pared the neutron diffraction data for two lateral directions at
room temperature. We found that on the two lateral direc-
tions results show the same residual strain. This means that
since the wire passes through pulleys and possibly rotates,
the results of the strain relaxation on the Nb3Sn filaments in
the wire induced by the prebending treatment are symmetric
versus the center of the wire. This may be the reason for the
larger enhancement of the maximum value on the axial strain
dependence of Ic when the prebending treatment is per-
formed using pulleys than when using formers.9
Obtained axial residual strains from the neutron diffrac-
tion should be compared to the prestrain estimated from the
tensile stress dependence of the critical current at 4.2 K, as
shown in Fig. 7, because the prestrain of the strain depen-
dence of Ic is closely related with the residual strain. The
prestrain of the as-reacted wire pb=0%  was 0.54% and
was about 0.11% smaller than the axial strain measured by
the neutron diffraction. However, the prestrain of the pb
=0.8% wire was 0.16% from the tensile test and was 0.07%
smaller than from the axial residual strain by the neutron
diffraction. Hence, there are differences between the pre-
strain estimated by the tensile test and the axial residual
strain measured by the neutron diffraction, and we shall ad-
dress this in the next paragraph.
In the tensile strain dependence measurement of Ic, the
prestrain is decided at the maximum point of the Ic, where
the three-dimensional residual strain such as a deviatoric
TABLE II. The lattice parameter and the residual strain of the CuNb/Nb3Sn
wires at room temperature.
Room temperature Lattice parameter Å Strain %
pb=0% Axial 5.276 −0.284 compression
Lateral 5.294 0.047 tension
pb=0.8% Axial 5.287 −0.077 compression
Lateral 5.289 −0.037 compression
Nb3Sn filament 5.291 ¯
FIG. 6. The 211 diffraction peaks of Nb3Sn for CuNb/Nb3Sn wires with and
without the prebending treatment and for Nb3Sn filament measured at 7 K
by a cryocooler.
FIG. 4. The result of the resistivity measurement for the prebent wire, as
heat-treated wire, and Nb3Sn filament.
FIG. 5. The 211 diffraction peaks of Nb3Sn for CuNb/Nb3Sn wires with and
without the prebending treatment and for Nb3Sn filament measured at room
temperature.
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strain would become minimum. In this case, the prestrain in
the tensile test should be different from the axial residual
strain. At the same time, in the neutron diffraction measure-
ments, the axial residual strain was determined by the com-
parison of the lattice parameter with the strain-free value.
Therefore, it is considered that the difference between the
prestrain and the axial residual strain is consistent with the
difference between minimum deviatoric strain and the strain
from the lattice parameter.
We obtained the residual strain for the axial and the lat-
eral directions directly as mentioned above and taking as
reference Nb3Sn filaments in an almost ideal stress-free state.
Here, we define that z is the axial residual strain, and x and
y are the lateral residual strains with x=y for our case, as
introduced above. From the obtained residual strains, we es-
timate the deviatoric strain, dev
= 23x−y2+ y −z2+ z−x2.13 It is reported that the
deviatoric strain plays a dominant role for the description of
the strain dependence of the superconducting parameters
such as Tc, Bc2, and Jc of the composite Nb3Sn wires. In the
deviatoric strain model proposed by ten Haken et al.,13 Bc2 is
described by the following formula:
Bc2dev = B0,d − Cddev2 + 0,d2 , 1
where B0,d is the Bc2 at dev=0, 0,d the remaining strain at
dev=0, and Cd the scaling constant. The Jc can be repre-
sented by the deviatoric strain through Bc2dev as well.
1,14
Deviatoric strain values at 7 K were 0.40% and 0.19%
for the as-reacted and prebent wires, respectively. These re-
sults suggest that the pb=0.8% prebending treatment re-
duced the deviatoric strain by 0.21% in this case. Figure 8
shows the deviatoric strain dependence of Bc2, where we
assume the deviatoric strain is zero for the filaments. From
fitting solid line with Eq. 1 of our experimental points
shown in Fig. 8, parameters B0,d=28.5 T, Cd=1061 T, and
0,d=0.24% were obtained. The enhancement of Bc2 by ap-
plying the prebending treatment is obviously due to the re-
duction of not only axial residual strain but also of the de-
viatoric strain. When the axial tensile strain is applied, the
deviatoric strain may decrease first and then increase because
of the decrease of the axial strain. It is predicted that the
minimum deviatoric strain of the prebent wire under the
axial tensile stress/strain becomes smaller than that of the
as-reacted wire. This causes the enhancement of the maxi-
mum critical current on the axial strain dependence observed
in Fig. 7. As ten Haken et al. discussed the deviatoric strain
model, when the U-shape spring with different materials is
used for the Nb3Sn tapes, the deviatoric strain state is varied
and it gives rise to the enhancement of the maximum Bc2
value on the tensile strain dependence. This is similar with
our results as shown in Figs. 7 and 8. However, the devia-
toric strains were estimated by using Poisson’s ratio in a
previous study.13 In this study, we succeeded in the direct
measurement of the deviatoric strains by the neutron diffrac-
tion. The obtained results on the deviatoric strain dependence
of the Bc2 as shown in Fig. 8 are expected to be the basis for
the analysis of the axial strain dependence of the supercon-
ducting parameters.
IV. SUMMARY
The residual strains for the bronze route CuNb/Nb3Sn
wires, with and without the prebending treatment, were mea-
sured directly by the neutron diffraction at room temperature
and 7 K. The reduction of the axial residual strain 0.20% is
the same at room temperature and 7 K, but is different in the
lateral direction for the two temperatures −0.08% and
−0.03%, respectively. We estimated the deviatoric strains
TABLE III. The lattice parameter and the residual strain of the
CuNb/Nb3Sn wires at 7 K.
7 K Lattice parameter Å Strain %
pb=0% Axial 5.260 −0.429 compression
Lateral 5.282 −0.007 compression
pb=0.8% Axial 5.271 −0.230 compression
Lateral 5.281 −0.040 compression
Nb3Sn filament 5.283 ¯
FIG. 7. The tensile strain dependence of critical current for CuNb/Nb3Sn
wires.
FIG. 8. The deviatoric strain dependence of the upper critical field for the
as-reacted and prebent pb=0.8%  CuNb/Nb3Sn wires and the Nb3Sn
filament.
103913-4 Oguro et al. J. Appl. Phys. 101, 103913 2007
Downloaded 14 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
from the residual strains of the axial and the lateral direc-
tions. The deviatoric strain was reduced with 0.21% by the
prebending treatment with a prebending strain pb=0.8%.
The results suggest that the reduction of the axial residual
strain may enhance superconducting properties of the wires,
but lateral strain is also important so that reduction of devia-
toric strain enhances properties largely and a good quantita-
tive agreement is obtained between theoretical predictions of
the deviatoric strain model proposed by ten Haken et al. and
our experimental strain data.
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